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Section 1
Introduction and Summary

1.0 Introduction

Concerns about earth’s environment continue to prevail. Among these concerns are safe containment and/or
remediation of old waste sites and the proper siting for the disposal or storage of future waste. Both problems
require geological and hydrogeological understanding of the surface/subsurface supported by geophysical
characterization. As the range and scale of these problems expand, increasingly efficient, cost-effective and
accurate survey methods are required to characterize the surface and subsurface of sites of concern relative to
their geological, hydrogeological, geophysical and contaminant characteristics.

Past activities at the Redstone Arsenal and the National Aeronautics and Space Administration George C.
Marshall Space Flight Center (NASA / MSFC) created Hazardous Wastes. Although these wastes were
disposed in accordance with the accepted practice then prevailing, it 1s apparent that many areas have released
Hazardous Materials to the subsurface soil, bedrock, and ground water. The U.S. Environmental Protection
Agency (EPA) has designated 88 sites as Solid Waste Management Units (SWMUs) and six sites as Areas of
Concern (AOCs). As apart of the Superfund Cleanup Program, NASA is conducting a Remedial Investigation
of the MSFC in Huntsville, Alabama. The Remedial Investigation represents the first step in the remediation
and/or containment of contaminants within the approximately 1,800 acres that make up the MSFC. However,
these efforts are complicated by the lack of reliable information about the fate and transport of hazardous
contaminants within and without the SWMUs and AOCs. What is required is a delineation of the subsurface
features at a fine scale; the features of interest include near-surface (0 to 10s meters) geology, hydrogeology,
and the chemical nature, spatial distribution, and migration patterns of any subsurface contaminants.

Traditionally, environmental engineers have estimated the horizontal and vertical extent of subsurface
contamination and geological/hydrogeological features by drilling boreholes at selected points or on a regular
grid within the Survey Site. The collected samples are subjected to analytical examination, and contaminant
concentrations are estimated as a function of depth. The measured concentrations are then plotted on a three-
dimensional (D.) map of the Survey Site. Wastesite and Plume boundaries are inferred by linking-up
(contouring) the plotted contamination levels. As with any sampling method, the ultimate success of the
drilling approach depends on the density of the boreholes. That is, to competently map the Survey Site,
boreholes must be drilled on a grid that is dense enough to follow the spatial variations in the geological
features, the hydrological environment, and subsurface contaminants. This is not only a very expensive
approach but it provides direct data only at the borehole, not in the region away from it. Thus, conventional
drilling and construction of groundwater monitoring wells alone is not adequate to define contaminant sources
and sinks because of the complex groundwater pathways that Hazardous releases take through the karsted
Tuscumbia-Fort Payne aquifers beneath the MSFC. Other more reliable, high productivity and less expensive
approaches to subsurface characterization are needed. The hope for achieving the needed characterization lies,
with or without suitable modifications, in non-invasive mapping methods that geophysicists have used for
geological surveys. Such methods include seismography, electromagnetic sounding, Ground-Penetrating
Radar (GPR), gravitometry, magnetometry, magnetotellurics, photoacoustic imaging, and neutron imaging,
among other possibilities.

ECG has been involved in the development and application of advanced non-invasive geophysical techniques
for environmental characterization of the deep subsurface (10s meters). In September 1995, ECG was
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commissioned by the NASA MSFC to define and apply an appropriate, non-invasive geophysical sensor (or
a suite of sensors) and appropriate survey modalities to obtain a fine scale, geological, hydrogeological and
chemical contaminant characterization of the subsurface underlying the NASA MSFC. The work is to be
performed in three phases. Phase I involves the development of a Survey Plan with a particular emphasis on
the survey of a MSFC selected Characterization Test Site (CTS). Phase II involves the use of technologies,
systems and survey strategies, selected in Phase I, to conduct an actual survey at the CTS to validate
performance against a set of measures of success, identified below. Phase III entails the survey of the MSFC
(about 1,800 acres) using the systems and strategies proven and perfected in Phase II. This Draft Survey Plan
is an interim report under Phase I of the program.

1.1 Survey Objectives

The overall goal of this effort is to conduct a geophysical environmental survey of the subsurface underlying
the NASA MSFC site. Survey method and strategies shall be cost-effective, non-invasive, and proven to be
capable of delineating and mapping subsurface features (geological, hydrogeological, chemical) to a level of
detail and resolution consistent with reliable analysis and assessment of contaminant transport and fate.
Selected sensors must be effective in probing and imaging a karst underground. Not only must they be
operable in generally flat, swampy or wooded environment but they must also provide a capability to map the
subsurface underlying the MSFC buildings.

1.2 Survey Success Criteria

NASA has identified several measures of success for the geophysical approach to the characterization and
mapping of the geology, hydrogeology, and contaminant distributions at the MSFC. As measures of success,
the selected geophysical sensors must be able, either jointly or severally, to identify, delineate and map: (a)
occurrences of intact bedrock and zones of high permeability, including voids, caves, sink holes, joints,
fractures, and bedding planes; (b) sites containing solid waste and regions with contaminant plumes; and (c)
military objects (e.g., Unexploded Ordinance (UXO)), cultural objects (e.g., buried pipes), and archaeological
artifacts. The selected sensor(s) that meet NASA MSFC objectives would be proven at the CTS which has
areas within it that have been characterized by conventional well drilling and monitoring methods.

1.3 Baseline Site Characterization

A baseline characterization of the MSFC site was developed with a particular emphasis on the CTS using the
available historical data and the information collected from a visit to the CTS. Exhibit 1.3-1, a map of the
CTS, contains an area of approximately 85 acres. It extends, on the south, past Martin Road to, approximately,
the Northermn boundary of the Sewage Treatment Plant. Tiros Street transects the CTS from Martin Road North
to the parking lot for the Skeet Range, then turns East to intersect Gemini Road. The Northern boundary of
the CTS is approximated by the Southern edge of Tiros Street where it turns East. The Western boundary is
a line drawn through the point where Indian Creek turns North that intersects the Northern and Southern
boundary lines. The Eastern boundary is a line from South to North that approximates the line of the Eastern
side of Building 4752. The wetland access road is unpaved and apparently historically provided access to two
reservoirs that existed, at least until 1959, on the Western boundary of the CTS.

A Skeet Range lies to the North of the CTS along Tiros Road. MSFC Buildings 4743, 4750, 4752, 4754, 4755
and the Industrial Waste Treatment Facility (IWTF) site lie within the study area. The IWTF is a fenced area
that had received wastes from a metal plating facility. The IWTF contains a concrete slab, an abandoned waste
settling pond, a storage building and other features in addition to residual contamination from the plating
facility. Tiros Street provides access to the IWTF, a road into the wetland, Buildings and Skeet Range.
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Exhibit 1.3-1: Map of the CTS at the MSFC
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The CTS contains 12 designated SWMUs (NASA MSFC, 1993). It also contains 25 monitoring wells and
three piezometer wells that were developed as part of the process of meeting the Resource Conservation and
Recovery Act (RCRA) Facility Investigation (RFT) Work Plan (NASA MSFC, 1993). The wells have been
used to characterize the geology and hydrogeology of the CTS.

The surface topography is generally of low relief with a slope toward the Southwest. The CTS is located
within the 100-year floodplain of the Tennessee River and its tributaries and is transected by Indian Creek. The
channel of Indian Creek and its floodplain have produced a wetland that encompasses part of the CTS and has
been designated by the Corps of Engineers (CoE) as a jurisdictional wetland. A live spring, which flows into
Indian Creek, is located on the Northwest edge of the wetland. Examination of aerial photographs of the CTS
taken in 1943, 1959, 1983, and 1994, and during our visit in September, 1995 show that the core of the
wetland has been relatively undisturbed for at least 52 years.

The land cover form for the area is deciduous forest on Decatur-Cumberland-Abernathy and Huntington-
Talbot-Colbert soils (MSFC Land Cover Form Map). The wetland is classified as palustrine, forested (MSFC
Wetlands Map). Non-wetland portions of the CTS are forested upland or maintained in mowed grass. Except
for construction sites, the area of the CTS has increased in forest cover over the 52-year period examined.

Monitoring well core data and regional geological records (U.S. Army Missile Command (USA MICOM),
1994) show that Redstone Arsenal, the MSFC, and the CTS overlie karsted limestone over a chert basement.
The limestone is structurally complex consisting of numerous fractures, pipes and cavities. The hydrogeology
is correspondingly complex. Characterization of local and regional water flows (and corresponding
contaminant flow pathways) is difficult or impossible using point-in-time data from the various monitoring
wells.

Chemicals:

The efficiency of techniques for the detection and mapping of chemicals at a site depends on the particular
chemicals, and at times, on the form they exist in. Chemical data provided by the MSFC for the CTS were
analyzed for composition of the top soil, ground water elements, and the chemicals of concern. In conducting
this review, we focused, not on the entire variety of chemicals in the site, but on a more compact list of the
main chemicals of concern to the MSFC. This list included Trichloroethylene (TCE), Chloroform,
Perchloroethylene, Benzene, Xylene, Beryllium, HCI, HF, Aluminum Oxides, Boron Oxides, SO,, Aluminum,
and Cobalt. The MSFC resource document also listed a series of discharge limitations and monitoring
requirements for the site. The following elements were specifically listed: Cadmium, Chromium, Copper,
Lead, Nickel, Silver, Zinc, and Cyanide. We also considered DDT in the ground and surface waters.
Significant amounts of DDT, detected prior to remedial actions taken in 1986, were known to have come from
the drainage of a former DDT manufacturing area. Even though DDT has not been detected (less than 0.5
ppb) since then in most wells except in those directly around the former manufacturing area, this chemical was
retained in the list.

Most of the soil at the MSFC has a high moisture holding capacity. We characterized the CTS topsoil as Sand
- 8 pct.; Silt - 35 pct.; Clay -55 pct.; and Organic Matter - 2 pct.. For purposes of assessing certain chemical
detection methods, the overall soil was modeled as containing: 50 pct. Si0, - 35 pct.. A1,Si,0,,(OH)g - 14 pct..
CaCO; - 1 pet.. FeO. As for the surface water, the principal mineral constituents for Madison County are
Calcium, Magnesium and Bicarbonate. A series of chemicals of concern were identified. These chemicals
included all the chemicals specifically listed in the available reports as having been detected in excessive
quantities on the MSFC site. The list also contained chemicals specifically used on the CTS as well as some
chemicals used across the MSFC site in the open environment. Exhibit 1.3-2 presents a list of Chemicals of
Concern.
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_ Chelhicais of Concern

Aluminum & Aluminum oxides - Beryllium -
Metals Cadmium - Chromium - Copper - Lead - Nickel -
Silver - Zinc.

f TCE (CHCICCL) - Chloroform (CHCI), - ”

Organic Solvents Perchloroethylene ((CCL,),) - Benzo(a)pyrene
(CyoH,,) - Benzene (C;Hg) - Xylene ((CH; ), CoH,).

Boron oxides - Cyanide (CN) - DDT ll

((CIC(H,),CH(CCL)) - HCI - HF - Mustard Gas
((CICH,CH,),S) - Phosphorous - Sulfur Dioxide
(50,).

Other chemicals

Exhibit 1.3-2. Chemicals of Concern at the MSFC CTS

This list is based on partial documentation. Nonetheless, it will serve as a measure of success in assessing the
capability of the chemical mapping techniques.

1.4 Technologies for Non-Invasive Imaging of Subsurface

Numerous non-invasive technologies, both existing and emerging, are germane to subsurface geophysical
characterization.  They include seismic, resistivity (nearly direct current), Electromagnetics (EM),
magnetometric, gravitometric, ground penetrating radars, photoacoustic imaging, and neutron imaging, among
others. The sensor technologies fall into two classes; passive and active. Many of these have been used for
geophysical surveys using both airbome and ground-mobile platforms. An assessment of these technologies
is provided in Sections 3.1 and 3.2 together with examples of their relevance to the MSFC site. In addition,
we have collected experimental data on limited sections of the CTS by use of two modalities, the resistivity
and ground-based EM. The purpose of these experiments was to obtain some information relative to the
electrical properties of the soil and how the various stipulated sensor techniques will work at the MSFC site.
Preliminary results of the limited resistivity survey are shown in Section 4.0.

Magnetometers and gravitometers are passive devices. They measure, respectively, the local magnetic and
gravitational fields. Either may be operated from aircraft or on the ground. Despite their conceptual
simplicity, these instruments continue to play an important role in mineral and petroleum exploration.

Resistivity is an active technique and requires implanting of electrodes that carry direct-current to measure
electrical resistivity of near-surface environments, including karst regions. Induced Polarization (IP) is a low-
frequency technique for detecting highly conducting (metal) objects. Self-polarization (SP), a passive
technique, measures the naturally occurring electrical potentials at the earth's surface and is the approximate
electrical analog of magnetometry. In the passive version of the magnetotelluric technique, the geophysicist
measures the naturally occurring electric and magnetic fields at a sequence of frequencies in the subsonic (or
audio) band and then uses inversion software to infer the soil resistivity as a function of depth.

The seismic instruments are active devices, which must be operated on the ground with imbedded sensors.
In practice, the geophysicist illuminates the survey zone with vibrational energy, either impulsively or
harmonically, producing thereby surface (Rayleigh), compressional (p-waves), or shear waves (s-waves),
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among other possibilities. The reflected, refracted or backscattered energy is recorded with geophone (or

accelerometer) arrays and processed with sophisticated inversion algorithms. Despite the high cost of
collecting and processing seismic data, these techniques continue as an essential tool for the exploration
geophysicist.

The EM techniques are economical, non-invasive, and highly productive, and thus continue to gain in
popularity. Like the gravitometers and magnetometers, EM equipment may be operated from an aircraft or
helicopter or on the ground. The EM sensors are active instruments, which are operated either as frequency-
domain (harmonic-illumination) or time-domain (pulsed-illumination) devices. The EM devices operate in
the ELF / ULF / VLF bands (30-30,000 Hz) and make use of induction fields. The frequency-domain methods
sense the lateral variations in apparent resistivity; the time-domain methods develop vertical profiles of actual
resistivity. GPRs operate in the HF / VHF / UHF bands (30 MHz - 3 GHz) and make use of radiation fields.
The radar methods feature high spatial resolutions and non-contact operation, but may be less effective in
highly conductive sites. Newly emerging radar technologies include the Transition Zone (30 KHz - 30 MHz)
and Ultra-Short-Pulse (USP) radars; advanced signal processing techniques, some of which have been
developed by the oil and gas industry at substantial expense; and Very-Early-Time Electromagnetics
(VETEM). With the advanced radars, it appears that one can achieve even higher capabilities for soil
penetration, spatial resolutions, and automated target detection and discrimination.

Geophysicists often use optical (Infrared (IR), visible, Ultraviolet (UV)) and radio-frequency (microwave, mm-
wave) imagery, gathered passively with satellites or aircraft. Likewise, gamma ray spectrometers, operated
from the air or ground, provide indications of uranium deposits, maps of radioactive wastesites, and
distributions of radon contamination.

On-site, non-invasive chemical contaminant detection and mapping techniques are very important to
subsurface environmental characterization. Existing techniques involve invasive methods such as well drilling,
sampling and chemical analyses. Techniques among non-invasive methods enabling in-situ chemical
characterization include Optical Sensing, Neutron Imaging, and Photo-Acoustic Detection and Ranging
(PADAR), among other possibilities. These latter techniques are somewhat in the early stages of field
applications but are essentially available for use at the CTS.

All geophysical sensors except those that require, for whatever reasons, ground contact for their operation (e.g.,
Resistivity, Neutron Imaging), can be used with either platform type; airborne (aircraft, helicopter) or ground-
based vehicles. For certain geophysical surveys satellites are also used. The satellite platforms, which include
civilian, military, and commercial spacecraft launched by both domestic and foreign agencies, produce imagery
in the optical (IR, visible, UV) bands that can be purchased, fused, and visualized with data obtained with
other geophysical sensors. Geophysicists use the airborne platforms to carry magnetometers, gravitometers,
EM sensors, GPRs, and gamma-ray spectrometers, among other possibilities. The terrestrial platforms include
ground-mobile (wheeled), portable (backpack), ground-contact (skids, electrodes, vibrators, geophones), and
ground-penetrating devices (penetrometers). Typically, the satellite based devices feature high productivities
(square kilometers per day), but lower (>10 m) spatial resolution, except at optical wavelengths, where
submeter imagery is often available. The terrestrial methods, by contrast, are far slower (acres per day), but
feature excellent (down to 10 cm) spatial resolutions in both vertical and lateral directions.

1.5 Survey System Configuration

The whole range of geophysical survey systems were assessed in terms of their availability, technical
performance, relevance to the MSFC requirements (including the operational effectiveness in the specific site
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environment) and cost-effectiveness All required sensors are readily available. With modifications to certain
sensors (e.g., use of advanced GPRs and advanced data processing methods), higher resolution and higher
penetration into the subsurface are possible. Non-invasive, subsurface geophysical characterization is
technically feasible, however, multiple sensor types are required to obtain the range of information needed.

The sensor modalities selected for use in the follow-up phases of this project are Ground-based (Resistivity
/ SP; Magnetometry; Frequency Domain Electromagnetic (FDEM); Time-Domain Electromagnetic (TDEM)
/ Magnetotellurics; GPR, conventional and advanced; high resolution Seismic; VETEM (if available from
DoE); and Neutron Imaging); and Airborne (Helicopter EM; Helicopter GPR; Aerial Photography; Satellite
Imagery). None of these modalities would be used to survey the entire site. Rather a survey strategy is
derived that provides the data and data quality required while minimizing the cost of the survey.

Data processing, packaging and interfaces to the NASA MSFC Geographic Information Systems (GIS) /
Environmental Information Systems (EIS) systems are discussed in Section 3.5. There appears to be no
serious issues which will complicate the data integration with the NASA systems except that the proprietary
algorithms developed by certain service contractors with non-government funds, if used by the NASA
personnel, will require either a licensing arrangement or the data may have to be processed at the facilities
where such algorithms exist, and the results be provided to NASA MSFC in a format that is compatible with
the MSFC systems. The anticipated final data products shall include maps, data tapes or diskettes with
possibly MapInfo GIS for interface with NASA GIS, and reports unless otherwise advised.

1.6 Deployment Strategies and Logistics

Geophysical surveys are conducted using both airborne and terrestrial platforms. Each of these modes uses
one or more sensors for exploring the subsurface. Sensor information is integrated with a data acquisition /
processing system, a geographic information system, and a posmon reference system. The airborne surveys
are used for large sites (100s of acres and above) and for gaining an overview of the Survey Site; the feature
resolution depends on several factors associated with a system, its operations, and site variables. The ground-
based surveys are normally used for more localized views. They yield, in general, resolutions that for the same
sensors are higher than those for the airborne sensors.

Survey companies prefer to use an airborne system with an integrated set of several geophysical instruments,
and common electronic, data-acquisition, and navigational packages so different types of surveys can be
accomplished at the same time with vey high productivity. The result is a relatively low cost per unit area of
survey. In important contrast to the aerial surveys, ground-based surveys are typically conducted on a
modality-by-modality basis by geophysicists specializing in their own particular sensors. They process their
data sets with their inversion algorithms and use their display software to interpret the recorded data.
Traditionally, these professionals handoff their findings to the organization that contracted for their surveys,
where an in-house specialist will fuse the data sets on entry into a master GIS. Relative to the aerial surveys,
the productivity of ground-based surveys is lower and thus in general, they are more expensive per unit area
covered. Obviously, the optimum approach (i.e., an optimum survey system) is some combination of the
arrborne and ground-based geophysical survey modalities. The optimum survey system is determined by
tradeoffs between the mix of modalities, site factors, regulatory requirements, and cost for the given set of
survey requirements.

In Section 4.0, effects of the CTS and regulatory factors on the survey design and deployment strategy are
discussed. While there appear to be no serious requirements for special permits and / or licenses, there will
be a need to coordinate various survey activities both with the government agencies (ADEM, FAA) and
authorities at the MSFC and the Redstone Arsenal. A Survey Safety Plan, approved by the MSFC, will be
required to be in place and the personnel involved in survey performance will have to be trained in appropriate
safety procedures.
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Site factors such as topography, soil characteristics, climate, vegetation, and SWMUs, etc. influence the
survey timelines, sensors and platforms to be used to obtain the required information. For instance, resistivity
surveys are most suited when the soil is wet or conductive but GPR surveys are best accomplished in dry
conditions. Similarly, those survey modalities that provide a set of data that can be used in conducting a survey
with a different modality need to be scheduled first. Based on this analysis, we have established:

* Survey lines for survey of the CTS, Exhibit 1.6-1

* Survey timelines, Exhibit 1.6-2

* Survey scenario described below in Section 1.7
1.7 Costs

Geophysical and environmental surveys vary widely in price; see Sections 3.1.1 and 3.6.2. Several factors
that influence the cost include the relative number of two-dimensional (2D) and 3D maps produced, the extent
of the areas required to be surveyed with the highest resolution and other performance requirements, and
weather conditions, etc. For a site the size of the MSFC (about 1,800 acres) the cost of a complete survey
providing the information required partly as 2D and partly as 3D maps based on detailed to less detailed
investigations can be in the range of $3,000 to $5,000 per acre except in some extenuating circumstances. The
survey cost of about $5,000 per acre for the entire MSFC site includes the airborne sensor modalities of EM,
magnetometry, gravitometry video imaging, GPR, and a Global Positioning System (GPS). AOCs and
“hotspots™ are identified by the aerial survey as candidates for detailed 2D and 3D ground-based surveys.
They were assumed to occupy 30 percent of the site area. Likewise, it was assumed that the ground-based
surveys, although conducted by several contractors, use a common set of survey lines (for data registration and
computer visualization). A schematic of the integrated survey is shown in Exhibit 1.7-1. Clearly, the non-
mvasive geophysical surveys of the subsurface are cost-effective. In addition, if credit is available for collateral
benefits as discussed in Section 5.0, the cost of survey per acre can be reduced by that amount which, of
course, is difficult to quantify because it depends on whether or not there is a buyer for that collateral
information.

1.8 Conclusions

The currently existing geophysical techniques supplemented with certain advanced techniques in the area of
data processing, ground penetrating radars and in-situ mapping of chemical contaminants provide a powerful
suite of survey modalities that can be sucessfully used to provide a detailed survey of both the CTS and the
entire MSFC site relative to the subsurface geological, hydrogeological and contaminant features. The
postulated surveys are essentially non-invasive, capable of meeting the MSFC requirements and objectives,
and cost-effective.

The results of the Phase I effort entailing the development of a Plan for Survey of the CTS can be summarized
as follows:

* All sensors and equipment required for geophysical survey of the subsurface underlying the
MSFC site are readily available. With modifications to certain sensors (e.g., use of advanced
GPRs and advanced data processing methods) as discussed in this report, higher resolution
and higher penetration into the subsurface are expected.

* The non-invasive, subsurface geophysical characterization is technically and financially
feasible. Multiple sensor modalities with an appropriate mix of airborne and ground-based
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Exhibit 1.6-2: Survey Timeline Schedule

. surveys are necessary to obtain, cost-effectively, the range of information needed. The use
of such surveys in remediation planning and engineering promises not only to reduce risks,
and hence cost, in site remediation but may also yield collateral benefits if the survey of a
given site reveals other, long forgotten, assets such as utility lines, archaeological artifacts or
buried military objects. The value of these benefits will vary from site to site.

* No serious impediments such as permits and license requirements for conduct of a survey of
the CTS or the larger MSFC site are found to be present. Survey timelines and Survey Lines
have been formulated for survey of the CTS. They consider the site and regulatory factors
and an integrated survey strategy that minimizes the survey cost and provides the quantity and
quality of data required to understand the transport and fate of chemical contaminants at the
site.

1.9 Recommendations

We recommend an integrated approach to the geological, hydrogeological and chemical survey of the CTS and
the site underlying the MSFC. This recommendation is in contrast to a piecemeal approach which provides
some data but not a subsurface characterization that would be conducive to an assessment of chemical
contaminant pathways and fate. The integrated approach would begin with an analysis of the available
historical and observational data which would then be supplemented with overhead imagery, helicopter EM
/ magnetometry, helicopter-borne GPR and video imaging. Identified AOCs would then be investigated with
the productive versions of the appropriate ground-based sensors. Likewise, dentifrice hotspots would be
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investigated with the more competent modalities to provide higher resolution of the subsurface features. In
critical areas, 2D imaging will be complemented with the higher resolution 3D mapping. The collected and
inverted data would be entered into a master GIS, where it would be fused with other geographic data, and
visualized using computer-graphics techniques.

It is recommended that Phase II of the this program, involving a survey of the CTS subsurface, be undertaken.
In conducting this survey, advanced GPR approaches and the advanced data processing methods should be
validated since they have the capability to provide both higher resolution concurrent with higher penetration
and at the same time provide a means for data interpretation without much involvement of professional
geophysicists. The included advanced approaches to GPRs and processing of all data collected therewith can
be proven by taking an available GPR and adding to it a pulse waveform generator to generate coded USPs
for probing of the subsurface while using a matched filter methodology. On-site use of Neutron Imaging at
the CTS will be valuable because of its unique capability to detect non-invasively the chemical elements within
a volume of 2 to 3m in diameter as against the standard technique of well drilling and monitoring, which only
provides information at the borehole and is also invasive and very expensive.
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Section 2
Site Description And Characteristics

2.0 General Site Features

NASA is conducting a Remedial Investigation (RI) of the MSFC site in Huntsville, Alabama, as a part of the
Superfund cleanup program. The principal objective of this RI is to locate, identify, and map subsurface
(surface to about 30 m) contaminants at the MSFC site which is considered to be an essential step in planning
and remediation of the site. To achieve this objective successfully and effectively, it is important not only to
delineate subsurface geological and hydrogeological features of the site at a sufficiently fine scale but also to
determine subsurface contaminants, and their spatial distribution and transport patterns.

A karsted limestone aquifer sits below the MSFC and the adjacent Redstone Arsenal. The spatial structure
(vertical and horizontal) of this aquifer is highly complex and rapidly varying. Geologic investigations and
borehole sampling indicate a vast array of sinks, artesian wells, natural caves, and underground streams, as
well as the more traditional geologic features such as fractures, joints, and bedding planes. The topsoil is
Alabama Regolith, a mixture typically consisting of 60 pct. Clay, 35 pct. Silt, 10 pct. Sand, and 5 pct. Organic
Matter, kept moist by some 140 cm of annual rainfall. The karsted structures feature rapid (meter-sized)
variations in spatial structure. Unless drilled on an extremely dense (one-meter) grid, the traditional drilling
and sampling technique cannot meet the basic objectives of the Remedial Investigation. Owing to the cost and
impracticality of such drilling, other geophysical methods, preferably non-invasive, are needed for
characterization and mapping of the MSFC site. Generally, non-invasive subsurface mapping techniques with
potential relevance to the MSFC requirements are sensitive, to varying degrees, to site and climatic conditions.
Thus, the relevant site characteristics, both natural and man-imposed, must be understood and defined.

The MSFC is located on 1841 acres (736.4 ha) of the U.S. Army Redstone Arsenal, adjacent to the City of
Huntsville in Madison County, in North-central Alabama (NASA MSFC, 1991). Exhibit 2.0-1 shows a map
of the site which contains the CTS that would be used as a benchmark site to validate the suite of non-invasive
sensors and modalities to be used for subsurface geological, hydrogeological and contaminant mapping.

The topography of Redstone Arsenal has been characterized as gently rolling hills with elevations ranging from
556 ft (169.5 m) above Mean Sea Level (MSL) in the South to 675 ft (205.7 m) above MSL on the Sorth
boundary (USA MICOM, 1994). The highest point on Redstone Arsenal is Madkin Mountain at 1,239 ft
(377.6 m) above MSL, which is not on MSFC (USA MICOM, 1994). The CTS contains a jurisdictional
wetland as designated by the U.S. Army CoE. A live spring, which flows into Indian Creek, is located on the
NW edge of the wetland. Examination of aerial photographs of the site taken in 1943, 1959, 1983 and 1994,
and our visit of the Site in late 1995 show that the core of the wetland has been relatively undisturbed for at
least 52 years.

The land cover form for the area is deciduous forest on Decatur-Cumberland-Abemathy and Huntington-
Talbot-Colbert soils (MSFC Land Cover Form Map). The wetland is classified as palustrine, forested (MSFC
Wetlands Map). Non-wetland portions of the Site are forested upland or maintained in mowed grass. Except
for construction sites and other areas used frequently within the Site, the area has increased in forest cover over
the 52-year period examined.
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2.1 Historical Summary

Redstone Arsenal was purchased in 1941 for use as the site of manufacturing and loading plants for chemical
munitions during World War II. In 1951 the Arsenal was assigned the national responsibility for rocket and
missile research development and testing (NASA MSFC, 1991, USA MICOM, 1994). In 1960 NASA leased
the area for the MSFC from the U.S. Army (NASA MSFC, 1991). Over the past 34 years, the MSFC has been
the leader and / or a key participant in many of the most significant space projects and programs undertaken
by NASA. These programs include:

. Project Mercury Program

. The Saturn Vehicle Development Program
. Skylab Program

. The Space Shuttle Program

o The Hubble Space Telescope Program

. The Space Station Freedom Program

The MSFC site itself has been, and still is, the principal propulsion development center of NASA. The center
1s managing the space shuttle’s main engines, solid rocket boosters, and external tank. The wastes generated
and managed by NASA are organic solvents, rocket fuels, metal finishing and plating wastes, oils, acids, bases,
paints, photographic wastes and construction debris. Historical operations that took place on the present day
location of the MSFC included the manufacture of mustard gas (dichlorodiethyl sulphide: uCICH,CH,),S) and
white phosphorous incendiary material. A list of the Hazardous Wastes relevant to the MSFC as well as a list
of all the Hazardous Substances used at the MSFC are also included in the NASA MSFC Environmental
Resources Document (NASA MSFC, 1991).

As a result of the long history of munitions, propellant and missile development and testing at Redstone
Arsenal and the MSFC, numerous areas have become sites of significant concern for toxic wastes. A total of
88 SWMUs and six AOCs have been identified at the MSFC by NASA, Redstone Arsenal and the EPA.
NASA has developed an RFI Work Plan to address 69 of the SWMUSs and 6 AOCs (NASA MSFC, 1993).

The CTS is located on the Central-Eastern boundary of the MSFC and has its own history and characteristics.

Twelve SWMUs are on the CTS. Evidence observed on the CTS suggests that portions of the site have been
used for dumping quantities of apparently non-toxic solid waste including concrete abutments and portions
of steel boiler tanks and pipes.

21.1/21.2 Data Requirements And Sources

Imitial data requirements were identified at the start of the project based on potential sensor technologies and
modalities that appeared relevant to subsurface mapping consistent with the MSFC requirements. The data
categories, identified as required, covered geology, hydrology, surface physiognomy, soil properties including
chemistry and electrical properties, maps and photographs, historical usage, structures and buildings, climate,
weather, survey data format and integration with the existing databases at the MSFC, and reports of any related
environmental and other previous studies. Not only did we receive certain documents from the MSFC but also
from its host, Redstone Arsenal.
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The CTS characteristics and potential constraints they may impose on subsurface characterization survey of
the site were derived from a review of the information contained in the following documents:

L. Final Environmental Assessment for Redstone Arsenal Master Plan Implementation, U.S.
Army Missile Command, Redstone Arsenal, Alabama, December, 1994.

2. Draft Environmental Assessment for Test Area 3, U.S. Army Missile Command, Redstone
Arsenal, Alabama, Special Report SR-RD-TE-91-46, May, 1991.

3. Natural Resources Management Plan for Redstone Arsenal, U.S. Army Missile
Command,Redstone Arsenal, Alabama, June, 1992.

4. Environmental Resources Document, NASA Marshall Space Flight Center, Alabama,
January, 1991.

RCRA Facility Investigation (RFI) Work Plan, NASA MSFC, Alabama, January, 1993.

6. Miscellaneous maps and data sheets for well logs, wetlands, land cover, water chemistry, and
Comprehensive Environmental Response Compensation and Liability Act (CERCLA)
chemicals lists, NASA MSFC, Alabama, various dates.

7. Geologic, Hydrologic, and Biologic Investigations in Arrowwood, Bobcat, Matthews, and
Shelta Caves, Madison County, Alabama, Geological Survey of Alabama, 1992.

8. The Use of Plant Indicators in Ground Water Surveys, Geologic Mapping, and Mineral
Prospecting, Helen L. Cannon, Taxon, May, 1971.

9. Madison County Soil Survey, U.S. Department of Agriculture (USDA), Soil Conservation
Service (SCS) (Natural Resource Conservation Service), February, 1958.

10. Aenal photographs of the CTS vicinity from 1943, 1959, 1983 and 1994 with GIS-produced,
current, as-built diagrams of roads and structures.

2.1.3 Data Assessment Criteria and Approaches

Criteria and methodologies were established to assess the adequacy and quality of the available site and related
data. The criteria included: (a) measures of success of the survey techniques, and (b) performance of
technologies and modalities potentially relevant to meeting the MSFC requirements for planning and cost-
effectively deploying remedial actions, as needed. Standard methods were used for evaluating the data
available. Methods included careful review of the information available and the development of needed data,
where such were not available, with minimal effort in laboratory and field measurements.

The MSFC identified several measures of success for the geophysical survey to characterize and map the
geology, hydrogeology, and contaminant distributions underlying the MSFC site. As a primary measure of
success, the selected geophysical sensors must be able, either jointly or severally, to identify and delineate
occurrences of intact bedrock and zones of high permeability, including voids, caves, sink holes, joints,
fractures, and bedding planes. Secondary measure of success includes the ability to identify and map sites
containing solid waste (e.g., 55-gallon drums) and regions with contaminant plumes (e.g., TEES). And, as
a tertiary measure of success, the selected techniques need to detect and identify military objects (e.g., UXO),
cultural objects (e.g., buried pipes), and archacological artifacts (e.g., Native American pottery).

2.14/2.1.5  Review of Available Data vs Specific Needs

In general, the available information appeared adequate for developing a baseline description of the CTS, in
particular, and its surrounding areas, in general. The baseline description of the CTS will be refined as
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additional data becomes available. Included in the additional data required are electrical properties of the soil,
regulatory requirements including safety and security, operational schedules and constraints that impact on
potential survey modalities, survey staging areas, and support facilities. We are currently measuring electrical
properties of the soil samples taken from the CTS. Additionally, such data will become available upon our
completion of resistivity and EM surveys of a limited area within the CTS on December 16, 1995. This data
will be incorporated in the Final Survey Plan report.

2.1.6 Impacts of Unfilled Data Gaps

Actions are underway to rectify the above identified data deficiencies by or before the Final Survey Plan report
is prepared. The impact of these deficiencies is, at present, in two areas: (1) on performance potential of
certain sensor technologies, such as electromagnetic sensors, and (2) on certain elements of survey logistics.
For example, the MSFC site appears to have a relatively high clay content. Based on prior studies conducted
with GPRs, notably that by G.L. Bar (Application of Ground Penetrating Radar Methods in Determining
Hydrogeologic Conditions in a Karst Area, West Central Florida, “Water Resources Investigations Report 92",
4141, p.26, 1993) a GPR survey at a frequency of about 80 MHz could be more relevant at the MSFC. The
survey at this center frequency may need to be supplemented with data at standard frequencies, 225, 450, and
900 MHz. In view of the areas of impacts identified above, we have been conservative in developing this Draft
Survey Plan.

2.2 CST Conditions and Environmental Variables

In this section, we provide a baseline description of the CTS conditions and environmental features as
extracted from the available information.

2.2.1 Surface Physiognomy

The CTS is a parcel of about 85 acres contained within the boundaries of the MSFC site, covering some 1841
acres (about 736 ha). The MSFC is located within the boundaries of Redstone Arsenal in Huntsville, Alabama.
The topography of Redstone Arsenal is characterized as gently rolling hills with elevations ranging from 556
ft (169.5 m) above MSL in the South to 675 ft (205.7 m) above MSL on the North boundary (USA MICOM
1994).

Structures:

The CTS, located in the central portion of the MSFC, includes Tiros Street and Martin Road West of Rideout
Road. Several SWMUs, namely: MSFC-2,19, 20, 87, 44 through 50, and MSFC-A, are on the CTS. MSFC
Buildings 4753 and 4754 are located just North of the center of the CTS and Building 4752 is on the Eastern
boundary of the CTS. Buildings 4743 and 4750 are located in the Northeast corner of the CTS. There is a
public-access Skeet Range located to the North of the CTS. The IWTF site is South of the center of the CTS
and is accessed from Tiros Street. The IWTF is a fenced area that had received wastes from a metal plating
facility. It contains a concrete slab, an abandoned waste settling pond, a storage building and other features
in addition to residual contamination from the plating facility. The CTS contains 12 designated SWMU’s
(NASA MSFC, 1993). The CTS also contains 25 monitoring wells and three piezometer wells that were
developed as part of the process of meeting the RFI Work Plan (NASA MSFC, 1993). The wells have been
used to attempt to characterize the geology and hydrogeology of the CTS.

The Western boundary of the CTS is a line drawn through the point where Indian Creek turns North and
intersecting the Northern and Southern boundary lines. The Eastern boundary is a line from South to North
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that approximates the line of the Eastern side of Building 4752. The wetland access road is unpaved and
apparently historically provided access to two reservoirs that existed, at least until 1959, on the Western
boundary of the CTS. The reservoirs are evident in the 1959 air photo and the previous location of the
reservoirs is still evident in the aerial photos from 1983 and 1994.

The CTS contains 12 designated SWMU’s (NASA MSFC, 1993), 25 monitoring wells, and three piezometer
wells. The wells were developed as part of the process of meeting the RFI Work Plan (NASA MSFC, 1993).
The wells have been used to attempt to characterize the geology and hydrogeology of the CTS.

Vegetation:

Vegetation at the CTS is characterized as deciduous forest (MSFC Land Cover Form Map). The dominant
trees are pines and mixed hard- and soft-wood deciduous including loblolly and slash pine (Pinus taeda, P.
elliottii), oaks (Quercus spp), sweetgum (Liquidambar styraciflua), red maple (Acer rubrum), and persimmon
(Diospyros virginiana) INASA MSFC, 1991). Understory in the forested areas consists of tree saplings and
a variety of shrub and vine species including poison ivy (Rhus radicans), sugarberry (Celtis laevigata), and
Virginia creeper (Parthenocissus quinquefolia) (NASA MSFC, 1991). Much of the CTS is maintained as
open, mowed grassy areas. The area contains a woodlot and small, isolated groups of trees. Approximately
1-2 acres (0.4-0.8 ha) of the CTS along Indian Creek is a U.S. Army CoE jurisdictional wetland which has
been essentially unmodified for in excess of 52 years.

Soils:

The predominant soils of Redstone Arsenal are "lean to fat clays with lenses of silty and / or sandy clay"
(NASA MSFC, 1991). The soils of the MSFC are predominantly of the Decatur-Cumberland-Abernathy and
Huntington-Lindside-Hamblen soil associations (NASA MSFC, 1991, NASA MSFC Surface Soils Map).
Decatur-Cumberland-Abemnathy soils are described as generally well drained red, fertile soils that are thick
over limestone bedrock. The soils are typically found on nearly level to gently rolling terrain (NASA MSFC,
1991). These soils are found on the upland portions of the MSFC. Huntington-Landsat-Hamblen soils are
described as moderate to poorly drained soils on nearly level areas of bottom land along larger creeks and
rivers. They are subject to flooding (NASA MSFC, 1991) and are found along Indian Creek and in the
wetland. The predominant soil of the CTS is Lindside silty clay loam (Swenson et al., 1958), with small areas
of Abernathy silt loam and Cumberland loam in the immediate vicinity.

Surface Water Flow/Flooding:

The MSFC is located within the Indian Creek drainage basin, one of five such major basins within Madison
County, Alabama (NASA MSFC, 1991). Indian Creek, a tributary to the Tennessee River, cuts through the
CTS. Indian Creek is the source of the wetland area on the CTS. The wetland is characterized, using the U.S.
Fish and Wildlife Service (USFWS) characterization method, as palustrine, forested, broad-leaved deciduous,
permanently flooded, diked / impounded (NASA MSFC Wetlands Map). However, at the time of the CTS
visit, during an extended drought, the wetland was dry. Most of the CTS is within the 100-year flood plain
boundary of the Tennessee River (NASA MSFC Wetlands Map, NASA MSFC, 1991). There is a small spring
that feeds into the wetland in the Western portion of the CTS. In general, surface drainage of the CTS is to
the East and South along Indian Creek.

Access for Effective Surveys:

Access to the CTS on foot, by ground vehicle or airborne systems does not appear to be a serious problem.
However, certain factors would dictate as to where, when and what type of survey modalities can be used.
MartinRoad and Tiros Street, both paved, two lane streets provide easy access on ground to the CTS. Access
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to the surface of the CTS is along unpaved dirt tracks or short driveway-like roads. Access to the interior of
the wetland is along an unpaved dirt road. There are no lateral accesses into the wetland from the road.
Surface access to most of the CTS is good and light to medium trucks can get to most areas. The exception
is the wetland interior. Access to the wetland is restricted by road and environmental conditions. The wetland
may be often flooded, aside from being moderately to heavily forested. Access will be restricted to foot travel
or small All Terrain Vehicles (ATV) with balloon tires. Because the wetland is a U.S. Army CoE
jurisdictional wetland and is considered as a sensitive habitat (USA MICOM, 1994) vegetation removal and
/ or earth moving or drilling activities within it will be restricted.

In addition to the dense forest cover of the wetland, it contains numerous items of debris. Apparently the Site
has been used historically as a dumping area for large pieces of concrete and various large metal items such
as boilers and pipes. The area also contains large mounds of unidentified, buried debris that can influence
accessibility.

Existing buildings on the CTS can influence both the modalities and the strategy for conducting surveys. For
example, the site can be easily accessed by air (aircraft, helicopter) but special clearances and permits will be
required to survey areas close to the buildings. By the same token, different survey modalities will be required
to characterize the subsurface directly under the buildings. The presence of personnel working in the facilities
can influence the choice of aerial surveys. For some modalities (e.g., airborne radar), the buildings may have
to be evacuated during aerial surveys or the surveys will have to be scheduled when the buildings are
unoccupied which will influence timing of the surveys.

2.2.2 (Climatic Conditions

The climate of the region that contains Redstone Arsenal and the MSFC is temperate. The summers are long
and hot with temperatures occasionally exceeding 100°F (37.7°C); humidity is generally high and
thunderstorms are frequent (Swenson et al., 1958, NASA MSFC, 1991). Winters are generally cool, with
temperatures occasionally falling below freezing and infrequent snow (Swenson et al., 1958, NASA MSFC,
1991). Forty-three percent of the average annual rainfall tends to occur during the interval December to March
(NASA MSFC, 1991). Freezing temperatures are most likely to occur during mid-December but may occur
during October and November and into March (NASA MSFC, 1991). Spring (March-May) conditions are
most variable and Autumn (September-November) tends to be the driest period of the year (Swenson et al.,
1958, NASA MSFC, 1991). In 1989, October had the most rain free days of any month. During the interval
of 1960-1989, October had an average precipitation of 3.32 in (8.4 cm), the lowest mean precipitation of any
month (NASA MSFC, 1991).

Soil moisture is expected to be lowest during the autumn with October having the lowest soil moisture of any
month. Soil moisture will be highest during the months of greatest rainfall, December through June. Except
in unusually dry conditions, the wetland should have high soil moisture, generally saturated to flooded, during
all months of the year. However, the greatest likelihood of dry soil in the wetland will be during October.

2.2.3 Hydrogeology and Geology

Monitoring well core data and regional geological records (USA MICOM, 1994) show that Redstone Arsenal,
the MSFC, and the CTS overlie karsted limestone over a chert basement. The limestone is structurally
complex consisting of numerous fractures, pipes and cavities. The hydrogeology is correspondingly complex.
Characterization of local and regional water flows (and corresponding contaminant flow pathways) is difficult
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or impossible using point-in-time data from the various monitoring wells. Traditionally, engineers have
estimated the horizontal and vertical extent of subsurface flows and contamination by drilling borcholes at
selected points or on a regular grid within a survey site. The collected samples are analyzed for flow rates and
contaminant concentrations as a function of depth. The results are then plotted on a 3D map of the survey site.
Wastesite and plume boundaries are inferred by linking-up (contouring) the plotted contamination levels.
However, with this technique boreholes must be drilled on a grid that is dense enough to follow the spatial
variations in the geological features, the hydrological environment, and subsurface contaminants. This can
not be accomplished at acceptable costs. Thus, the current available information relative to the subsurface
geological, hydrogeological and contaminant plumes can be considered as being representative of the borehole
area and its near surroundings. Nonetheless, this information will be utilized as a benchmark of success of the
non-invasive survey methods to be deployed.

2.2.4 Chemicals

The efficiency of techniques for the detection and mapping of chemicals at a site depends on the particular
chemicals, and at times, on the form they exist in there. It was therefore important to identify the chemicals
of concern for the CTS. Chemical data provided by the MSFC for the CTS was analyzed for three categories
of information, namely: the top soil composition, ground water elemental compositions, and the main
chemicals of concern. The specific documents reviewed to extract this information were: Parts of the 1991
MSFC’s Environmental Resource Document; Parts of the 1993 RCRA Facility Investigation (RFI) Work
Plan; and Parts of the Natural Resources Management Plan for Redstone Arsenal.

Detailed environmental records and the general history of the site have provided significant leads to chemicals
we should expect to find. In conducting this review, we focused, not on the entire variety of chemicals in the
site, but on a more compact list of the main chemicals of concern to the MSFC. The first selected chemicals
were listed in the RFI Work Plan as “preliminary contaminants of potential concern”. This list contains the
following chemicals: TCE - Chloroform - Perchloroethylene - Benzene - Xylene - Beryllium. Another series
of chemicals added to this list were the substances with health concern that are emitted during rocket testing:
HCIl, HF, Aluminum Oxides, Boron Oxides, SO,, Aluminum, and CO. The MSFC resource document also
listed a series of discharge limitations and monitoring requirements for the site. The following elements were
specifically listed: Cadmium, Chromium, Copper, Lead, Nickel, Silver, Zinc, and Cyanide.

We also considered DDT (dichlorodiphenyitrichloroethane), another chemical in the ground and surface
waters. Significant amounts of DDT, detected prior to remedial actions taken in 1986, were known to have
come from the drainage of a former DDT manufacturing area. Even though DDT was not detected since then
in the majority of groundwater samples (less than 0.5 ppb) except from wells directly around the former
manufacturing area, this chemical was retained as one of the chemicals of concerns.

To accurately assess the potential of a contaminant analysis technique it is generally important to model the
soil composition as well as the surface and ground water compositions for surveys conducted in wells. For
example, for the neutron imaging technique, such information is required, in particular, to compute certain
parameters ( e.g., the average mean free paths of photons and neutrons in the top soil) that are important to
assess the sampled volume and survey geometry.

Most of the soil at the MSFC site is composed primarily of insoluble residue produced by chemical weathering
of the underlying Tuscumbia limestone. This type of soil has a high moisture holding capacity. This
characteristic coupled with the frequent precipitation can lead to significant water fractions for the upper soil.
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The water content of the upper soil is an important parameter for various sensor modalities such as GPR,
resistivity mapping, and neutron imaging. Even if we characterize the CTS topsoil as an “improved ground,”
its general characteristics are expected to be: Sand - 8 pet; Silt - 35 pet; Clay -55 pct; and Organic Matter -
2 pct.

Silt and Sand are mostly composed of Quartz. Probably, the clay also contains some Quartz. The top soils
were thus modeled as containing 50 pct. SiO,. Besides, the clay was modeled as being Kaolite based,
containing a significant amount of limestone. Iron oxide was also added into the soil mixture to account for
frequent iron nodules. The overall soil is considered to be : 50 pet. SiO, - 35 pet. Al Si, O, (OH} - 14 pct.
CaCO; - 1 pet. FeO, which characteristics of the soil will be further refined with actual analysis during the next
phase of this project. As for the surface water, the principal mineral constituents for Madison County are
Calcium, Magnesium and Bicarbonate.

Specific Chemicals of Concern:

From the available data, a series of chemicals of concern were identified. These chemicals included all the
chemicals specifically listed in the available reports as having been detected in excessive quantities on the
MSFC site. The list also contained chemicals specifically used on the CTS as well as some chemicals used
across the MSFC site in the open environment. Exhibit 2.2.4-1 presents a list of Chemicals of Concern.

gz’ﬁ"l‘iypes of Chemical Chemicals of Concern
Aluminum & Aluminum oxides - Beryllium -
Metals Cadmium - Chromium - Copper - Lead - Nickel -
Silver - Zinc

‘ TCE (CHCICCL) - Chloroform (GHCI) -
Organic Solvents  Iperchloroethylene ((CCL),) - Benzo(a)pyrene

(CyoHyo) - Benzene (GoHy) - Xylene ((CH; ), GH,).

Boron oxides - Cyamide (CN) - DDT
((CIC,H,),CH(CCL)) - HCI - HF - Mustard Gas
((CICH,CH,),S) - Phosphorous - Sulfur Dioxide
(80y).

Other chemicals

Exhibit 2.2.4-1: Chemicals of Concern at the MSFC CTS

This list is not complete and is based on partial documentation and should therefore not be used for purposes
other than planning for the next phase of this project. For our purposes, this list provides a wide cross section
of chemical types which will serve as a measure of success in assessing the capability of the technique we
implement in the field for the detection of chemicals and mapping of chemical plumes in the near-surface. The
health impact of several of these chemicals can be found in the RFI Work Plan.

2.2.4.1 Fate of Chemicals of Concern

The chemicals of concern at the MSFC site are numerous and include metals, organic solvents such as TCE
and PCE, and inorganic compounds and toxic materials like mustard gas. Some of these materials are
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relatively more reactive than others in the enviroment of the underlying subsurface. The fate of these
chemicals depend on various complex factors that encompass: (i) their reactivity and interactions with the
subsurface material including biological mechanisms, and (ii) the various geohydrological transport
pathways available in that environment. It is highly complex to ab initio define the chemical and biological
interactions the various chemicals of concern may undergo both with respect to time and their spatial
locations. Nonetheless, spatial movement of these chemicals can be anticipated to occur not just through
diffusion mechanisms but also because of subsurface and surface water movements through sinkholes,
cracks, fractures, porous soil layers, etc.

Toxic organic solvents like TCE and PCE have limited solubility in water and can exist for a long time in
the appropriate subsurface regions as pools which act as continued sources of these materials carried
downward and laterally through subsurface waterflows. Unlike the hydrocarbons, solvents like TCE and
PCE have a higher electrical conductivity than the natural subsurface materials sourrounding it (Ulrych and
Sampaio, 1994, "In Search of Plumes; A GPR Odyssey to Brazil"; Society of Experimental Geophysicists,
Abstract, page 569). As shown in Section 3.2.1, this property can be useful in subsurface mapping and
tracking of these organic solvents.
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Section 3
Technology Adaptation to Mission Suitability

This Section provides the technical and performance basis for: (1) the selection of sensor and survey
deployment modalities and strategies for mapping sites underlying the MSFC, (2) data on selected sensors
relevant to the MSFC requirements, (3) approach to integration of results with the NASA MSFC
Environmental Database Systems, (4) survey systems and methodologies to be used at the Characterization
Test Site (CTS), (5) large scale subsurface geophysical and environmental mapping systems, and (6) cost
projections associated therewith.

3.0 Potential Sensor Technologies For Subsurface Imaging And Mapping

The NASA MSFC has required that the mapping and characterization of the site underlying the MSFC be
achieved with sensors (or suites of sensors) that are technically effective, operationally practical, non-invasive,
productive, and cost-effective. For technical effectiveness, the candidate sensors must yield technical
information that complies significantly with the measures of success set forth by the MSFC. Specifically, the
sensors must be effective in probing and imaging a karst underground. It must not only be operable in
generally flat, swampy or wooded environment but it must also provide a potential capability to map
subsurface underlying the MSFC buildings.

Numerous sensor technologies are potentially available for the non-invasive mapping of the geology,
hydrogeology, and chemical contaminants at the MSFC. The expected performance of these techniques will
vary greatly, depending on the surface and underground conditions, as well as the survey goals. Accordingly,
we have identified both the commercially available, and emerging but essentially available, geophysical
sensors; assessed their expected performance; and selected an integrated suite of sensors that meet the MSFC
requirements. In developing these recommendations, we considered the objectives of the survey, the nature
of the MSFC environment, the operational aspects of the sensors, availability of hardware and software, and
costs associated with full surveys.

Geophysicists investigate and map the geological character of underground regions using probes other than
borehole sampling. Until recently, the geophysical community focused its attention on the challenges
presented in petroleum, mineral, and water exploration. These applications motivated the design and
construction of geophysical tools that penetrate to depths of 100s or 1,000s of meters or more and / or covered
survey areas 10s to 100s of kilometers in diameter. In recent years, geophysicists have turned their attention
to near-surface (0-100 m) investigations, which have important applications in both environmental and
geotechnical problems. Near-surface geophysics differs from traditional geophysics in that the ground
penetration depth is less critical and spatial resolution more critical than in petroleum and mineral exploration.

3.1 Sensors And Platforms

Classes of Sensors:

The geophysical community uses a wide variety of sensors to investigate underground environments.
Magnetometers and gravitometers are passive devices, which measure the local magnetic and gravitational
fields, respectively. Either may be operated from aircraft or on the ground. Despite their conceptual
simplicity, these instruments continue to play an important role in mineral and petroleum exploration.
Resistivity is an active technique that uses direct-current probes to measure electrical resistivity of near-surface
environments, including karst regions. IP is a low-frequency technique for detecting highly conducting (metal)
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objects. Self-polarization (SP), a passive technique, measures the naturally occurring electrical potentials at
the Earth's surface and is the approximate electrical analog of magnetometry. In the passive version of the
magnetotelluric technique, the geophysicist measures the naturally occurring electric and magnetic fields at
a sequence of frequencies in the subsonic (or audio) band and then uses inversion software to infer the soil
resistivity as a function of depth.

The seismic instruments are active devices, which must be operated on the ground with imbedded sensors.
In practice, the geophysicist illuminates the survey zone with vibrational energy, either impulsively or
harmonically, producing thereby surface (Rayleigh), compressional (p-waves), or shear waves (s-waves),
among other possibilities. The reflected, refracted or backscattered energy is recorded with geophone (or
accelerometer) arrays and processed with sophisticated inversion algorithms. Despite the high cost of
collecting and processing seismic data, these techniques continue as an essential tool for the exploration
geophysicist.

The EM techniques are economical, non-invasive, and highly productive; and thus continue to gain in
popularity. Like the gravitometers and magnetometers, EM equipment may be operated from an aircraft or
on the ground. The EM sensors are active instruments, which are operated either as frequency-domain
(harmonic-illumination) or time-domain (pulsed-illumination) devices. The EM devices operate in the ELF
/ 'ULF / VLF bands (30-30,000 Hz) and make use of induction fields. The frequency-domain methods sense
the lateral variations in apparent resistivity; the time-domain methods develop vertical profiles of actual
resistivity. GPRs operate in the HF / VHF / UHF bands (30 MHz - 3 GHz) and make use of radiation fields.
The radar methods feature high spatial resolutions and non-contact operation, but may be less effective in
highly conductive sites. Finally, geophysicists make important use of optical (IR, visible, UV) and radio-
frequency (microwave, mm-wave) imagery, gathered passively with satellites or aircraft. Likewise, gamma ray
spectrometers, operated from the air or ground, provide indications of uranium deposits, maps of radioactive
wastesites, and distributions of radon contamination.

Newly emerging technologies include the Transition Zone (30 Khz -30 MHz) and USP radars; advanced signal
processing techniques, some of which have been developed by the oil and gas industry at substantial expense;
VETEM, Neutron Imaging, PADAR; among other possibilities. With the advanced radars, geophysicists hope
to achieve depth penetrations and spatial resolutions acceptable for subsurface (10s of meters in depth)
environmental and geotechnical work.

Types of Platforms:

Platforms suitable for geophysical surveys include satellites, airplanes, helicopters, and ground-based vehicles.
The satellite platforms, which include civilian, military, and commercial spacecraft launched by both domestic
and foreign agencies, produce imagery in the optical (IR, visible, UV) bands that can be purchased, fused, and
visualized with data obtained with other geophysical sensors. The airborne platforms include both fixed-wing
arrcraft and helicopters. Geophysicists use the airborne platforms to carry magnetometers, gravitometers, EM
sensors, GPRs, and gamma-ray spectrometers, among other possibilities. The terrestrial platforms include
ground-mobile (wheeled), portable (backpack), ground-contact (skids, electrodes, vibrators, geophones), and
ground-penetrating devices (penetrometers). Typically, the satellite based devices feature high productivities
(square kilometers per day), but lower (>10 m) spatial resolution, except at optical wavelengths, where
submeter imagery is often available. The terrestrial methods, by contrast, are far slower (acres per day), but
feature excellent {down to 10 cm) spatial resolutions in both vertical and lateral directions.
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3.1.1 Summary Description of Sensor Technologies

In this section, we provide an assessment of non-invasive, both existing and emerging, sensors relevant to
geophysical mapping of the near-surface. In describing each sensor, we first provide a brief description of:
(1) the technical concept underlying the measurements; (2) the geophysical feature the sensor attempts to
investigate; (3) the geological value of the sensor measurements, including any of its special capabilities or
applications; (4) the deployment technique and operations, including the productivity in a field environment;
(5) the data processing required to render the sensor data interpretable by the human eye or fusible with other
geophysical data; and (6) the commercial availability and operating cost of the sensor.

3.1.1.1 Magnetometry

Technical Concept:

Geophysical magnetometers measure the strength and direction of the earth's local magnetic field. The
technique is a passive one in the sense that the survey site is not stimulated or illuminated with an active
source, but depends on the naturally occurring magnetic fields at the earth's surface. Local variations
(anomalies) in the earth's field provide geophysical clues as to the lateral (horizontal) structure of the
subsurface environment. It is also possible to estimate the nominal depth of detected anomalies by ratioing
the strength and gradient measurements. Exhibit 3.1.1.1-1 and Exhibit 3.1.1.1-2, respectively, show a typical
instrumentation and a map generated with magnetometry.

Geophysical Concept:

Anomalies in the strength and gradient of the earth's magnetic field indicate the presence of dikes, plutons,
faults, sutures, and other magnetically sensitive or active products. The spatial variations in the total field
provide information about the lateral position of the anomaly and the gradient indicates its depth. The lateral
and depth resolutions both decrease with increasing sensor height. In addition, the depth resolution decreases
with increasing anomaly depth. Although computer interpretation is sometimes applied, magnetic field data
are often interpreted without computer assistance by experienced geophysicists.

Geological Value: B

Terrestrial magnetometers represent an important tool for detecting buried magnetic objects, e.g 55-gallon
drums, steel pipes, reinforced concrete, and other magnetically susceptible materials. Other applications
include mapping of steeply dipping geologic contacts, detection of regions of stress amplification or geologic
weaknesses, and study of ground-water resources. The aerial surveys, by contrast, provide information for
ascertaining regional geology and determining the thickness of sedimentary basins.

Deployment / Operation / Productivity:

Geophysicists use both airborne and ground-based magnetometers to map their survey sites. The productivity
of the aerial magnetometers is quite high (tens to hundreds of square kilometers per day), but the spatial
resolution is correspondingly low (10-100s of meters). The terrestrial gear provides far more spatial detail (1-
10 meters), but is less productive (acres per day). Costs for computer reduction and interpretation of the
collected data are modest when compared with that used with the seismic and electromagnetic modalities.

Availability / Cost:

A wide variety of airborne (fixed-wing and helicopter) and terrestrial (ground-mobile and man-portable)
magnetometers are available in the commercial marketplace. Owing to their complexities, the airborne surveys

NASA MSFC Subsurface Site Characterization Survey Plan ECG, Inc.
Volume 1 June 1996



are generally conducted by specialists. Several organizations in Canada and the U.S. will conduct airborne
surveys on a contract basis. Terrestrial surveys may be conducted using a rented magnetometer or by hiring
a professional geophysicist with access to one. The latter approach usually entails a written interpretation of
the collected data. Terrestrial surveys entail one or two operators and typically run $300 / acre. Aerial survey
costs are about $5,000 per day, but can be modest when bundled with the airborne EM survey, as is often the
case. Again, computer processing is nominal and geophysical interpretation typically straight-forward.

Exhibit 3.1.1.1-1: Typical Magnetometry Instrumentation
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